Dengue hemorrhagic fever can occur in primary dengue virus (DENV) infection of infants. The decay of maternally derived DENV immunoglobulin (Ig) G and the incidence of DENV infection were determined in a prospectively studied cohort of 1244 Vietnamese infants. Higher concentrations of total IgG and DENVreactive IgG were found in cord plasma relative to maternal plasma. Maternally derived DENV-neutralizing and E protein-reactive IgG titers declined to below measurable levels in 190% of infants by 6 months of age. In contrast, IgG reactive with whole DENV virions persisted until 12 months of age in 20% of infants. Serological surveillance identified 10 infants with asymptomatic DENV infection for an incidence of 1.7 cases per 100 person-years. DENV-neutralizing antibodies remained measurable for у1 year after infection. These results suggest that whereas DENV infection in infants is frequently subclinical, there is a window between 4 and 12 months of age where virion-binding but nonneutralizing IgG could facilitate antibody-dependent enhancement.
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Dengue is a major public health problem in many tropical and subtropical countries. World Health Organization data suggest that the disease burden of dengue has risen exponentially in the last 20 years, and the number of countries affected has increased 10-fold [1] . This striking emergence of dengue is associated with substantial costs to both health care systems and patients [2] , and it is highly likely that the true disease burden is underestimated by data based only on hospitalized cases [3] Dengue virus (DENV) belongs to the Flaviviridae family and includes 4 serotypes. Each serotype is capable of causing severe disease, called dengue hemorrhagic fever (DHF). A well-defined risk factor for DHF is sequential infections by 2 different serotypes [4] [5] [6] [7] . Although most of the DHF disease burden is the result of secondary infections in children and young adults, DHF also occurs in primary DENV infection of infants !1 year of age [8, 9] . When DHF occurs in infants, it can be clinically challenging to manage, and the mortality rate is higher than in older children [10] . Maternally derived immunoglobulin (Ig) G is likely to play a central role in immunity and pathogenesis of dengue in infancy. The presence of maternally derived neutralizing antibody is presumed to explain the low prevalence of symptomatic dengue in infants !3-4 months of age [9] . Thereafter, subneutralizing levels of maternally derived anti-DENV IgG might enhance DENV infection in Fc receptor-bearing cells, an event that could contribute to DHF [9] . In support of this hypothesis, neat plasma from healthy infants born to dengue-immune mothers has been shown to enhance virus infection in a manner that correlates with the age-related case burden of dengue in infants [11] .
The epidemiology of DENV infection in infants is not well defined. The only previous prospective cohort study of infants !1 year of age demonstrated an infection incidence rate of ∼2 cases per 100 person-years [12] . In southern Vietnam the annual exposure risk in children is ∼10% per annum [13, 14] , but the exposure risk in infants is unknown. A better understanding of the epidemiology of dengue in infants and the incidence of symptomatic illness will help guide decisions as to when dengue vaccines should be introduced to endemic regions. In addition, prospective cohort studies of infants at risk of dengue can address important questions about the quantitative and qualitative features of maternally derived antibody and its role in immunity or pathogenesis.
This study aimed to determine the incidence of dengue exposure and disease in a cohort of infants followed up prospectively from birth and to establish the kinetics of decay of maternally derived dengue-reactive antibody during the first year of life. The main findings are that maternally derived DENV virion-binding IgG persists for longer in infants than neutralizing antibody and that the kinetics of this decay are consistent with an association between nonneutralizing maternal antibody and the age-related burden of dengue in infants. Furthermore, the incidence of DENV infection in a cohort of infants was determined to be 1.7 cases per 100 person-years, with all infections asymptomatic.
MATERIALS AND METHODS

Study population.
This was a prospective birth cohort study. Healthy pregnant women ( ) in their last trimester n p 1244 were enrolled at Hung Vuong Obstetric Hospital in Ho Chi Minh City, Vietnam, between September 2006 and August 2007. Women were eligible to enroll in the study if they were human immunodeficiency virus negative, had singleton pregnancies at 137 weeks gestation, and lived in districts adjacent to Hung Vuong Obstetric Hospital and Children's Hospital 1. Demographic information was recorded at enrollment, and cord and maternal blood samples were collected at birth. The infant and mother were then invited to return to the Hung Vuong Obstetric Hospital every 3 months until the infant reached 1 year of age and then again at 18 months and 2 years of age. At each study visit, information on health care-seeking behavior was recorded, and a capillary or venous blood sample was collected from the infant. In line with national guidelines, no infant was vaccinated against Japanese encephalitis virus before his or her first birthday. and IgM testing) was performed. In addition, a passive surveillance system was used to detect febrile illnesses in the study population. At each follow-up visit, the mother was asked whether her infant had experienced a fever since the last visit, and, if so, what health care had been sought and what diagnosis had been given. If the mother and infant did not attend followup, this information was obtained by telephone interview.
Dengue serological testing. Dengue antigen-capture IgM and IgG enzyme-linked immunosorbent assays (ELISAs) were performed as described elsewhere, using antigens to DENV and Japanese encephalitis virus [15] . Dengue indirect IgG ELISAs were performed using a pool of recombinant DENV E (recE) proteins from each serotype (kindly provided by Hawaii Biotech). Briefly, ELISA plates (Maxisorb; Nunc) were coated with a pool of recE proteins from DENV-1, -2, -3, and -4 (final concentration, 1 mg/mL) overnight, washed and then blocked by 2% bovine serum albumin. After washing, 2-fold serial dilutions of plasma, starting at 1:100, were added for 1 h, plates were washed again, and secondary antibody (horseradish peroxidase [HRP]-labeled anti-human IgG) was added for 1 h. After another washing, plates were developed using tetramethylbenzidine (TMB) substrate, and the absorbance was read at 490 nm. End point titers were defined as the reciprocal of the dilution that yielded an optical density of 0.3 after subtraction of the absorbance obtained for the blank control and uncoated wells.
In the Panbio Dengue IgG Indirect ELISA (Panbio), purified DENV-1-4 virions are coated directly onto the microwells of the plate. To measure end-point titers of IgG against these virions, serial 3-fold dilutions of plasma were added to each well for 1 h. After 5 washings, DENV-reactive IgG molecules were detected by incubation with HRP-conjugated anti-human IgG for 1 h, and after another washing, they were detected by TMB substrate. End point titers were defined as the reciprocal of the dilution that yielded an optical density of 0.3 after subtraction of the absorbance obtained for the blank control and uncoated wells.
Definition of laboratory-confirmed DENV infection. A laboratory-confirmed DENV infection was defined as a positive IgM or IgG antigen-capture ELISA result or a 4-fold increase in titer between serial samples in the recE protein indirect ELISA.
Plaque-reduction neutralization test. Neutralizing antibody titers were determined by a complement-enhanced, plaque-reduction neutralization test (PRNT). Briefly, test plasma was heat inactivated (56ЊC for 30 min), and serial 2-fold dilutions beginning at 1:10 were prepared in serum-free NOTE. The limit of detection for the 50% plaque-reduction neutralization test (PRNT 50 ) was 10; for comparisons between cord and maternal samples, all titers were included, and samples with titers !10 were given a log 10 value of 0.5. For anti-recombinant E (recE) protein immunoglobulin (Ig) G, the end-point limit of detection for indirect enzyme-linked immunosorbent assay was 100. GMT, geometric mean titer.
a P values determined with paired-sample t test of log 10 -transformed values. b Values for total human IgG concentrations are given in milligrams per deciliter.
medium containing 0.25% human serum albumin. Test virus, diluted to 500 plaque-forming units/mL in medium containing guinea pig complement (Cambrex) at a complement fixation titer of 1:10, was added to equal volumes of diluted test serum and incubated at 37ЊC for 30 min. Medium was removed from monolayer cultures of Vero cells on 24-well plates, and 0.1 mL of virus-serum mixture was transferred into duplicate wells. After incubation for 60 min at 37ЊC, the wells were overlaid with medium containing 1% methylcellulose and 2% fetal bovine serum. Samples were incubated at 37ЊC for 4-5 days, and plaques were visualized by immunoperoxidase staining, and a 50% PRNT (PRNT 50 ) titer was calculated. We used the following viruses: DEN1 Puerto Rico/94, DEN2 NGC prototype, DEN3 Sleman/78, DEN4 814669. The limit of detection was a titer of 10. Statistical analysis. Geometric mean titers were calculated to summarize DENV-reactive IgG populations in maternal and cord plasma, and a paired t test was used to test the null hypothesis of no difference in log titer between paired cord and maternal samples. The incidence of DENV infection was calculated as the number of seroconversions per 100 personyears of follow-up, and confidence intervals (CIs) were determined based on the Poisson distribution. For each child, we estimated the time required for IgG levels to reach half the birth (cord) value, based on a linear regression of the child's detectable log-transformed measurements, which depended on follow-up time. Children with undetectable anti-DENV IgG values at their first follow-up visit (age 3 months) were treated as having a half-life shorter than all other children. A CI for the median population half-life was based on the Kaplan-Meier estimator of the half-life distribution and its CI. The proportion of children with detectable IgG values over time was also graphically displayed. All analyses were performed with R software (version 2.8.1; R Foundation for Statistical Computing). All reported CIs are 2-sided 95% intervals, and tests were performed at a 2-sided significance level of 5%.
RESULTS
Study population.
In this prospective birth cohort study, 1244 infants were enrolled at Hung Vuong Obstetric Hospital, Ho Chi Minh City, Vietnam, between September 2006 and August 2007. The majority of participants (96%) were resident in Ho Chi Minh City districts 5, 6, 8, 10, 11, Binh Chanh, Binh Tan, Tan Binh, and Tan Phu, and the average maternal age was 27 years (range, 17-45 years). The newborn male-female ratio was 1.06:1. The median gestational age was 39 weeks (range, 30-43 weeks), and the mean birth weight was 3.1 kg (range, 2.5-4.5 kg). Overall, 66% of all enrolled infants (819 of 1244) returned for у1 scheduled follow-up visit; 226 of (28%) 819 infants returned for 1 visit only, 143 (17%) of 819 for 2 visits, 166 (20%) of 819 for 3 visits, and 284 (35%) of 819 for all 4 follow-up visits. The reported use of bed nets was high in the cohort, with 195% of infants reportedly sleeping under bed nets at 3, 6, 9, and 12 months of age. There were no apparent demographic or socioeconomic differences between infants who did not return for any scheduled follow-up ( ) and n p 425 those who returned at least once ( ) (data not shown). n p 819 Maternal antibody transfer. To better understand the characteristics of transplacental IgG transfer and the decay of different populations of anti-DENV antibody, we randomly selected 50 infants with plasma samples for all 4 scheduled followup visits (ages 3, 6, 9 and 12 months) and no serological evidence of DENV exposure. The average maternal age of this group was 27.5 years (range, 20-35 years). The median gestational age was 39 weeks (range, 35-41.5 weeks). In maternal plasma, 36 of 50 mothers (72%) had neutralizing antibody (PRNT 50 ) against all 4 DENV serotypes, and 98% had neutralizing antibody to least 1 serotype (Table 1) . Total IgG concentrations in cord blood were significantly higher than the corresponding maternal sample, which probably explains the observation of significantly higher anti-DENV recE protein IgG titers in cord blood than in maternal blood. PRNT 50 titers for each DENV serotype were also higher on average in cord blood than in maternal blood, and this difference was significant for DENV-2 and DENV-3 (Table 1 ). This finding suggests active transport of maternal IgG (irrespective of specificity) across the placental barrier.
Decay of maternally derived DENV-reactive IgG. The levels of maternally derived antibodies against purified DENV virions and pooled recE proteins and neutralizing antibodies (PRNT 50 ) were assessed in cord plasma and in each plasma sample collected at 3, 6, 9, and 12 months of age. Figure 1 shows the fractions of infants having measurable levels of these maternal antibody populations at different times during the first year of life. By 6 months of age almost all infants had lost IgG capable of binding DENV-1-4 recE proteins in an indirect ELISA. At the same age, neutralizing antibodies to DENV-1 were undetectable, and neutralizing antibodies to DENV-2, -3, and -4 were measurable in only 10% of infants (Figure 1) . Interestingly, levels of IgG to DENV-1-4 virions (indirect ELISA) were measurable for longer, being detectable at 12 months of age in ∼20% of infants (Figure 1) . The estimated median half-life of anti-DENV virion IgG was 5.2 weeks (95% CI, 4.8-6.5 weeks), but this finding should be interpreted with caution, because it is based on 3-monthly sampling only. The important finding here is that neutralizing antibody (at least as measured by PRNT 50 assay) does not persist for as long as antibodies that can bind the surface of DENV virions.
Serological detection of DENV infection during the first year of life. Because maternal IgM does not cross the placental barrier, the presence of DENV-reactive IgM in infant plasma reflects recent infection. DENV IgM seroconversions occurred in 9 of 819 infants (2111 unique samples). To complement detection of DENV IgM, an indirect IgG ELISA employing pooled recE proteins from DENV-1-4 was used to screen cord and infant plasma samples. With this approach, it was possible to detect a 14-fold increase in the end point titer of IgG to recE proteins in 1 additional infant. A summary of the findings from the serological investigations is shown in Table 2 . Assuming that the indirect DENV-1-4 recE protein IgG ELISA provided serological surveillance for DENV infection from birth until the last blood sample was collected from each infant, then the 10 DENV infections detected in 572.5 person-years of serological surveillance yielded an infection incidence of 1.7 cases per 100 person-years (95% CI, 0.8-3.2 cases per 100 personyears). Most of the DENV infections (9 of 10) were documented in the rainy season of May to November 2007. The timing of DENV infection in case 812 could not be defined accurately because of the 9-month gap between follow-up samples. Onehalf of the infections occurred before the age of 6 months but none before age 3 months. Surveillance for febrile events in the cohort of 1244 infants. There were 252 fever episodes in 206 infants. Fever without a clinical diagnosis was reported in 192 of 252 febrile infants (76%). No febrile infant in the cohort had laboratory-confirmed dengue. Among the 10 infants with serological evidence of infection, in only 1 was there a report of a fever (undiagnosed) in the 3 months preceding the detection of DENV IgM. These data suggest that the large majority of DENV infections, and possibly all, were not clinically apparent.
Antibody responses after DENV infection. IgG to DENV virions (indirect ELISA) and neutralizing antibody (PRNT 50 ) were measured in serial plasma samples from 9 of the 10 infants with DENV infections. Samples were obtained from infants with DENV infections until they were 2 years of age. One infant had insufficient samples for evaluation. In the plasma sample preceding infection, 7 (78%) of 9 infants still had detectable levels of IgG to DENV virions, and 5 (56%) of 9 had IgG to recE proteins (Table 2) . Neutralizing antibody to any serotype was below the limit of detection in preinfection samples from 5 of 9 infants (Figure 2 ). Because all infections were asymptomatic, it was not possible to determine the precise age of infants at infection and therefore not possible to extrapolate the titer of DENV-reactive IgG populations at that time.
Postinfection PRNT 50 patterns were often multitypic, though in most cases there was clearly 1 serotype that dominated the response (Figure 2 ). DENV-1 was inferred to be the infecting serotype in 7 (78%) of 9 infants on the basis of the PRNT 50 pattern after infection, consistent with the widespread prevalence of DENV-1 in southern Vietnam during 2006-2007 (unpublished results). DENV-2 and DENV-3 were inferred to be the infecting serotypes in cases 886 and 387, respectively ( Figure  2J and 2N) . Despite their immunological immaturity, all infants, including those !6 months of age, had robust neutralizing antibody responses that were long-lived, being measurable 11 year after infection in all 7 infants with available follow-up samples (Figure 2 ). Four infants were reportedly vaccinated against Japanese encephalitis virus between the ages of 18 and 24 months, but this did not appear to significantly affect either neutralizing antibody or IgG titers to DENV virions ( Figure  2) . Collectively, these results imply that asymptomatic DENV infections elicit robust and durable neutralizing antibody responses in infants and that these response are independent of age at exposure.
DISCUSSION
Understanding the disease burden and epidemiology of dengue in infants is important in guiding how and when dengue vac- cines are best used, if and when they become available. The incidence of DENV infection in this cohort was 1.7 cases per 100 person-years (95% CI, 0.8-3.2 cases per 100 person-years), a substantially lower exposure rate than that reported for older children in Vietnam [13, 14] . Furthermore, our results suggest the vast majority of DENV infections in infants are likely to be asymptomatic. Despite a low infection incidence and an even lower (unmeasured) incidence of symptomatic infection, we nonetheless demonstrated that decay of maternally derived anti-DENV IgG occurs with kinetics that create conditions potentially conducive for antibody-dependent enhancement (ADE). The loss of neutralizing antibody several months before the loss of IgG that can bind intact DENV virions might facilitate enhanced viral infection and predispose some infants to symptomatic or possibly severe disease.
Among the population of women we studied, almost all (98%) had serological evidence of previous DENV infection, consistent with high seroprevalence in southern Vietnam [13, 14] . As in other studies [12, 16, 17] , we found that total IgG and anti-DENV antibody titers were higher in cord blood than corresponding maternal titers. The important wider relevance of this finding is that studies of infants with dengue that use maternal anti-DENV titers as a surrogate of cord blood titers [8, 18] will sometimes underestimate the infant's real titer at birth.
The decay of maternally derived DENV-reactive IgG, measured by PRNT 50 and hemagglutination inhibition assay (HIA), has been described elsewhere in separate cohorts of healthy Thai infants [12, 16] . These studies have shown incremental decay of antibody at PRNT 50 or HIA, with neutralizing antibody declining below measurable levels in 80% of infants by 9 months of age [12] . Our results are in agreement with the findings of these studies and extend them by showing that the kinetics of decay of recE-specific IgG correlate with levels of neutralizing antibody but that IgG reactive with whole virions is measurable for much longer. This could reflect the binding of specific IgG to other antigens exposed on the viral surface (eg, pre M/M) or the binding of antibodies to epitopes that are conformationally not present in recE proteins. We excluded the possibility that these findings reflected binding to NS1 proteins by demonstrating that NS1 was not detectable on the virion-coated wells of the assay plate.
The presence of IgG that can bind the surface of the virion, but not neutralize it, may provide the environment for ADE to occur in infants 4-12 months of age. Consistent with this possibility, findings from our other studies have indicated that plasma from 6-month-old infants mediates better DENV infection enhancement in vitro than plasma from younger or older infants [11] . Collectively, the results described here and elsewhere are consistent with a relationship between sub-or nonneutralizing, maternally derived, virion-binding IgG and the age-related hospitalized case burden of dengue in infants, with ADE an obvious candidate to explain this relationship.
The incidence of DENV infection in the cohort of infants described here was 1.7 cases per 100 person-years. A similar infection rate (∼2 cases per 100 person-years) was observed in a cohort of Thai infants !1 year of age [12] in whom almost all infections were asymptomatic, as in the current study. The incidence of infections in infants described here is much lower than the incidence of dengue in older Vietnamese children suggested by epidemiological surveillance in southern Vietnam for 2007 (∼700 hospitalizations for dengue per 100,000 children !15 years old; estimate based on data from [19, 20] ) and by other seroprevalence studies, the findings of which have suggested an infection rate of ∼10% per annum. The basis for a lower DENV infection incidence in infants may be related to parental behavior that reduces exposure risk in infants. For example, Vietnamese infants are typically swaddled in clothes and/or blankets for the first months of life, and, as this study showed, most typically sleep under bed nets. Collectively these factors will serve to limit exposure to biting Aedes aegypti. It is also conceivable, but difficult to demonstrate, that maternal antibody can prevent infection outright so that infants do not undergo seroconversion and are therefore not detected as case patients by serological surveillance.
The DENV infections documented here were associated with the induction of long-lived neutralizing antibodies that were often multitypic but occasionally monotypic. Responses in infants !6 months old were as robust as those in older infants, suggesting that their inherent immunological immaturity in the B cell compartment was not a barrier to establishing a pool of memory B cells, of which a subset maintain relatively constant antibody levels [21] .
Our results and those of others [12] revealing the relatively low incidence of dengue in infants suggest that implementation of dengue vaccines would be better directed at older age groups, in which the incidence and prevalence of disease are much greater. A vaccine that reduces DENV transmission in the community will benefit infants by reducing the risk of infection.
